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Recently it is advocated that high intensity and low energy
(Eν ∼ 2 GeV) neutrino beams should be built to probe the
(13) mixing angle φ to a level of a few parts in 104. Experi-
ments using such beams will have better signal to background
ratio in searches for νµ → νe oscillations. We propose that
such experiments can also determine the sign of ∆31 even
if the beam consists of neutrinos only. By measuring the
νµ → νe transitions in two different energy ranges, the effects
due to propagation of neutrinos through earth’s crust can be
isolated and the sign of ∆31 can be determined. If the sensi-
tivity of an experiment to φ is ε, then the same experiment is
automatically sensitive to matter effects and the sign of ∆31
for values of φ ≥ 2ε.
Neutrino oscillations provide an elegant explanation
for the observed deficits in solar and atmospheric neu-
trino fluxes. Both these deficits can be accounted for
in a three flavor oscillation scheme. In this scheme, the
oscillation probabilities, in general, depend on six para-
maters: two independent mass-squared differences ∆21
and ∆31, three mixing angles ω, φ and ψ and a CP violat-
ing phase. Given the distance and energy scale of solar
neutrinos, their oscillations depend only on one mass-
squared difference ∆21 ∼ 10−5 eV2 and two mixing an-
gles ω and φ [1,2]. Atmospheric neutrino oscillations are
insensitive to a mass-squared difference as small as 10−5
eV2. Hence ∆21 can be set to zero in the analysis of
atmospheric neutrinos. In this approximation, the oscil-
lation probabilities of atmospheric neutrinos depend on
|∆31| ∼ (1 − 7) × 10−3 eV2 [3] and two mixing angles
φ and ψ [4]. The results of CHOOZ experiment [5] give
the strong constraint sin2 2φ ≤ 0.1. This implies that
either φ ≤ 9◦ or φ ≥ 81◦. The second possibility is ruled
out by the constraints from both solar neutrino [6] and
atmospheric neutrino analyses [7]. Thus φ is small and
the atmospheric neutrino oscillations are almost νµ → ντ
oscillations with a small νµ ↔ νe component. To explain
the observed deficit of muon neutrinos, the mixing angle
ψ should be close to pi/4 [3].
Combining the data from solar, atmospheric neutrino
experiments and CHOOZ we have the following pattern
of neutrino masses and mixings: Two mass eigenstates
are very close together and the third mass eigenstate is
a little apart. This third state contains approximately
equal admixture of νµ and ντ and a small admixture of
νe. From a model building point of view, the crucial
question is whether this third state is more massive than
the two nearly degenerate states (∆31 positive) or less
massive (∆31 negative).
Long baseline experiments are designed to observe νµ
oscillations under controlled conditions. The baselines
and energies of these experiments are chosen such that
significant deficit of νµ flux will be observed if the neu-
trino parameters are in the range determined by Super-
Kamiokande atmospheric neutrino analysis. Two differ-
ent long baseline neutrino beams, one from Fermilab to
Soudan [8] and another from CERN to Gran Sasso [9],
are being constructed. In both cases the baseline length
is 730 km and the beam consists of neutrinos only. The
experiments downstream expect to observe neutrino os-
cillations via i) νµ disappearance ii) ντ appearance and
iii) νe appearance. The high stastistics of these exper-
iments allow them to determine the energy distribution
of νµ charged current (CC) events. By locating the min-
imum of νµ CC event distribution, one can determine
|∆31| and sin2 2ψ independently and to a precision of
10% [10]. But neither νµ disappearance nor ντ appear-
ance data can give us information on the sign of ∆31.
νµ → νe oscillation probability in long baseline ex-
periments is modified by the propagation of neutrinos
through the matter of earth’s crust. Matter effects [11]
boost the oscillation probability for neutrinos if ∆31 is
positive and suppress it if ∆31 is negative. The situa-
tion is reversed for anti-neutrinos. At neutrino factories,
where νµ and ν¯µ beams from muon storage rings will be
available, one can measure νµ → νe and ν¯µ → ν¯e oscil-
lation probabilities, isolate the difference induced by the
matter effects and determine the sign of ∆31 [12]. How-
ever, the neutrino beam energies at these factories will
be very high (Eν ∼ 20 GeV) and hence one needs a very
long baseline (of about 7000 km) so that the oscillation
probability will not be too small. It may be a long time
before this ambitious program is realized. Recently it was
proposed that high intensity, low energy neutrino beams
can be built with conventional techniques [13]. If these
beams have peak flux around Eν ∼ 2 GeV, then a 20
Kiloton detector at a distance of about 730 km will be
capable of measuring values of φ as small as a few parts
in 104. In this letter we show that such a detector can
determine the sign of ∆31 even if the beam consists of
neutrinos only.
In three flavor scheme, νµ → νe oscillation probability
is given by
Pµe = sin
2 ψ sin2 2φ sin2
(
1.27 ∆31L
E
)
, (1)
where ∆31 is in eV
2, the baseline length L is in km and
the neutrino energy E is in GeV. From CHOOZ con-
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straint, we see that this probability is atmost a few per-
cent. In the long baseline experiments, the neutrinos
propagate through earth’s crust which has constant den-
sity of about 3 gm/cc. The oscillation probability with
the inclusion of matter effects is given by [6,7]
Pmµe = sin
2 ψ sin2 2φm sin2
(
1.27 ∆m31L
E
)
. (2)
Comparing Eq. (1) with Eq. (2), we note that the mixing
angle ψ is unaffected by matter term and φ and ∆31 are
replaced by their matter modified values φm and ∆m31
respectively [4,6]. These are given by
sin 2φm =
∆31 sin 2φ
∆m31
,
∆m31 =
√
(∆31 cos 2φ−A)2 + (∆31 sin 2φ)2. (3)
Here A is the matter term and is given by
A = 2
√
2GFNeE = 0.76× 10−4 ρ (in gm/cc) E (in GeV).
(4)
If ∆31 is positive, a resonance will occur for neutrinos at
the energy
Eres =
∆31 cos 2φ
2.3× 10−4 . (5)
At this energy, ∆31 cos 2φ = A and sin 2φ
m = 1 [14].
Unfortunately, for a baseline of 730 km, Pmµe at Eres is
not significantly greater than Pµe at the same energy.
This occurs because, at resonance, sin 2φm is maximized
but simultaneously ∆m31 is minimized [2]. Hence noth-
ing is gained by tuning the neutrino flux to peak around
Eres. Away from the resonance, the energy dependence
of sin2 2φm is different from that of sin2(1.27∆m31L/E).
So, in general, we can expect Pmµe to be different from
Pµe. In Figure 1, we plotted Pµe (middle line), P
m
µe
with ∆31 positive (upper line) and P
m
µe with ∆31 neg-
ative (lower line). We chose L = 730 km, φ = 9◦ and
|∆31| = 3.5 × 10−3 eV2, which is Super-Kamiokande
best-fit value. We see that for both signs of ∆31, the
maximum of Pmµe occurs close to the energy where Pµe is
maximum, that is where the phase of the oscillating term
1.27|∆31|L/E = pi/2. We call this energy to be
Epi/2 =
2.54 |∆31|L
pi
. (6)
For |∆31| = 3.5 × 10−3 eV2, Epi/2 = 2 GeV, if L = 730
km.
Long baseline experiments will first measure |∆31| and
sin2 2ψ to about 10% precision. The next goal of neutrino
experiments is to probe small values of φ by looking for
νµ → νe oscillations. In such a search, the neutrino beam
energy should be tuned such that the oscillation signal
to background ratio is maximized. Neutrino crosssections
increase linearly with neutrino energy and neutrino beam
flux increases with the energy of the intial accelerated
particle so neutrino event rates increase as Ep where p >
1. So, it seems as if high energy beams are more favorable
to do neutrino physics than low energy beams. However,
νµ → νe oscillation probability falls as off as E−2 at
energies much greater than Epi/2. Hence the increase in
signal event rate, if any, is moderate. The background
events come primarily from the neutral current events of
neutrinos in the beam and the CC events of the 1% νe
contamination of the beam. Both these are proportional
to total event rate and increase as Ep. Hence the νµ → νe
signal to background ratio worsens as E−2 if one goes to
energies E >> Epi/2. In order to maximize this signal, it
is advantageous to tune the energy such that flux of the
neutrino beam peaks around Epi/2. A recent paper by B.
Richter [13] also proposes such a tuning, where it is also
advocated that construction of high intensity and low
energy neutrino beams can be the next step in the effort
to measure small neutrino parameters. At such beams
the signal to background ratio for νµ → νe oscillations,
will be much larger than in the case of high energy beams.
Such beams can be used to probe values of φ as small as
a few parts in 104. They can also be used to determine
the sign of ∆31, even if they consist of neutrinos only.
We note from Figure 1 that Pmµe peaks close to where
Pµe peaks, that is close to E = Epi/2. In addition, we can
make three important observations:
1. Above 4 GeV (or above 2Epi/2), matter effects have
negligible effect on νµ → νe oscillation probability.
For both signs of ∆31, P
m
µe is very close to Pµe for
energies above 2Epi/2. Hence by selecting events
with E > 2Epi/2, one can directly measure φ with-
out worrying about matter effects.
2. Matter effects are most dominant in the neigh-
bourhood of Epi/2. In this neighbourhood, P
m
µe is
about 25% greater than Pµe if ∆31 is positive and is
smaller by about the same factor if ∆31 is negative.
This is true for all values of |∆31| and φ [7].
3. For fixed value |∆31|/E, matter effects cause a
larger change for larger values of L. This occurs
for the following reason. In the neighbourhood of
Epi/2, the phase of the oscillating term is pi/2. How-
ever, Epi/2 is larger if L is larger and sin
2 2φm is
larger for larger energies. So matter term causes a
larger change in Pmµe around Epi/2 for larger values
of L.
To observe the differences induced by matter effects, one
needs to measure νµ → νe oscillation probability in the
lower energy range 0 < Eν < 2Epi/2. Using the value
of φ measured from the data of the higher energy range
Eν > 2Epi/2, one can predict the expected number of
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events for the lower energy range, for ∆31 positive and
for ∆31 negative. By comparing the results of the lower
energy range with the predictions, one can determine the
sign of ∆31. Since the vacuum value of φ is unknown,
one needs a minimum of two measurements to determine
the sign of ∆31. Usually these are taken to be νµ → νe
and ν¯µ → ν¯e oscillation probabilities. But, as we argued
above, νµ → νe event samples in the lower and higher
energy ranges also can be used to distinguish between
the two possible signs of ∆31. The neutrino beam should
have reasonable width in energy (say 0 < Eν < 4Epi/2)
so that there will be substantial number of events both
in the lower and higher energy regions.
The following procedure may be used to determine the
sign of ∆31. From the experiment we will get two pieces
of data, Neh from the higher energy region and Nel from
the lower energy region. We wish to check whether the
hypothesis of positive or negative ∆31 fits the data bet-
ter. Let Nm+eh (φ) and N
m−
eh (φ) are the theoretical ex-
pectation for the number of electron events in the higher
energy region for positive and negative ∆31 respectively.
These two numbers will be functions of the mixing an-
gle φ which, as yet, is unknown. Similarly, Nm+el (φ) and
Nm−el (φ) are the theoretical expectations for the lower
energy region. Now we define two different χ2s,
χ2+ =
(Neh −Nm+eh )2
Neh
+
(Nel −Nm+el )2
Nel
,
χ2
−
=
(Neh −Nm−eh )2
Neh
+
(Nel −Nm−el )2
Nel
. (7)
Both these χ2s are functions of φ and by varying φ
they can be minimized. If ∆31 is positive, we will have
χ2+|min << χ2−|min and vice-verse if ∆31 is negative.
This strong inequality between the respective minima of
the two χ2s must occur if our present understanding of
effect of matter term on the propagation of neutrinos is
correct.
Let us briefly consider the ability of long baseline neu-
trino experiments to determine the sign of ∆31. Suppose
the minimum value of φ an experiment can measure is
ε. In the following, we assume that the neutrino beam
has the same spectrum as that of the low energy option
of MINOS [10]. We will also take |∆31| = 3.5 × 10−3
eV2 and the baseline length to be L = 730 km, so that
Epi/2 = 2 GeV. In such a case, the νµ → νe oscillation sig-
nal events are split 3 : 1 between the lower energy range
(0 − 4 GeV) and the high energy range (> 4 GeV). The
νµ flux, and hence the background events, are split in the
ratio 4 : 6 for the same two ranges. The signal to back-
ground ratio in the lower energy range is about 5 times
better than in the higher energy range. This illustrates
our earlier point that neutrino beams with energy tuned
to Epi/2 are better than high energy beams for observing
νµ → νe oscillations. Let us assume that, to be sensitive
to φ = ε, the experiment must be capable of observing N
νe-CC events above the background. Of these, 3N/4 will
be in the lower energy range andN/4 will be in the higher
energy range. If the value of φ is 2ε, then this experiment
will see 4N νe-CC events in case of vacuum νµ → νe os-
cillations. Of these, 3N will be in the lower energy range
and N will be in the higher energy range. The number
of events in the higher energy range is not affected by
matter effects and this number, N , is large enough to be
detectable above the background. Matter effects boost
the events in the lower energy range to 3.75N if ∆31 is
positive and suppress them to 2.25N if ∆31 is negative.
In each case, the difference induced by the matter effects
is larger than the background in this energy range, which
is less than half the total background. Hence, any long
baseline neutrino experiment which sensitive to φ ≃ ε is
automatically sensitive to the sign of ∆31 if φ ≃ 2ε.
In conclusion, we showed that neutrino beams with
energy tuned to Epi/2 have better signal to background
ratios than the high energy neutrino beams. We also
showed that a future high intensity and low energy neu-
trino experiment, which can measure values of (13) mix-
ing angle φ as small as a few parts in 104, can automati-
cally measure the sign of ∆31 for values of φ greater than
double the sensitivity of the experiment even if the beam
consists of neutrinos only.
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FIG. 1. νµ → νe oscillation probabilities vs E for
|∆31| = 3.5 × 10
−3 eV2, sin2 2φ = 0.1 and L = 730 km. The
middle line is Pµe, the upper line is P
m
µe with ∆31 positive and
the lower line is Pmµe with ∆31 negative.
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